A racemic Au(I)-catalyzed three-component reaction has been developed to prepare cyclic carbamimidates from imines, terminal alkynes, and sulfonylisocyanates. This reaction exploits the carbophilic p-acidity of gold catalysts to first activate an alkyne toward deprotonation and secondly, to activate the internal alkyne generated toward intramolecular O-cyclization. Unlike similar previously reported multicomponent gold-catalyzed reactions, the stereocenter generated during the alkynylation is preserved in the product. This trait was exploited by developing an enantioselective variant, using an unusual trans-1-diphenylphosphino-2-arylsulfamidocyclohexane ligand. Moderate to excellent levels of enantioselectivity were obtained using a variety of N-arylbenzylidene anilines (41-95% ee, 18 examples).
Introduction
Multicomponent one-pot transformations that directly provide complex products are of synthetic interest due to their innate efficiency, simplicity, and elegance. Classic three-component reactions such as the Mannich, 1 Ugi, 2 Biginelli, 3 and Passerini 4 reactions have been used extensively in modern organic synthesis, especially within combinatorial chemistry. 5 The development of novel multicomponent reactions remains a high priority, and progress has been brisk despite the challenges inherent in controlling the individual reaction rates and preequilibria of the various components.
Gold(I) and gold(III) complexes have recently been utilized to catalyze a wide variety of transformations. 6 Specifically, gold complexes have been employed to catalyze one or more of the individual transformations in three-component reactions, such as the activation and addition of alkynes to iminium ions, 7 addition or cyclization of carbon or heteroatom nucleophiles onto alkynes, 7e, 7h, 8 the oxidation of susceptible amines (dihydroquinolines), as well as the newly disclosed alkoxy-and hydroxyarylation reactions between alcohols or water, olefins, and arylboronic acids. 9 Notably, to our knowledge, no asymmetric multicomponent reactions have been disclosed in which a chiral gold complex controls a facially selective alkynylation of imines. 10 We set a goal to close this technology gap while exploiting the remarkable properties of Au(I) salts (carbophilic p-acidity, functional group tolerance, and stability towards water and oxygen).
We were able to draw upon several seminal reports of goldcatalyzed three-component reactions as a starting point for reaction development. In particular, we were intrigued by reports detailing the ability of gold salts to first activate terminal alkynes for the addition to iminium ions and then promote the intramolecular cyclization of suitable nucleophiles onto the internal alkyne-gold p-complex. However, we wished to evaluate new processes because two of the three known multicomponent transformations proceeded with destruction of the newly formed propargylamine stereocenter, which we wished to set (and subsequently preserve) through an asymmetric alkynylation (Scheme 1).
Racemic three-component reaction
The Au(I)-catalyzed cyclization of Boc-protected propargylamines to afford five-membered carbamates with the concurrent loss of isobutylene is a known process. 11 Therefore, this represented a promising arena for initial studies toward the development of a tandem process if the Boc-protected propargylamine 3 could be efficiently prepared in gold-catalyzed process. We envisioned two different strategies. First, and more simply, 3 could be prepared by the addition of an alkyne to an N-Boc imine. Alternatively, it would be formed by the addition of an alkyne to a N-aryl or -alkyl imine with subsequent acylation using standard reagents for the introduction of the Boc group (Scheme 2). Unfortunately neither strategy was ultimately successful. The Au(I)-catalyzed alkynylation of N-Boc imine 1 failed under a variety of acidic, basic, and neutral conditions. Presumably, the inability to conduct this coupling in neutral or basic conditions is due to the low reactivity of Au(I)-acetylides and unprotonated N-Boc imines (lithium and magnesium acetylides are typically used to effect this transformation). Further, when an exogenous base is not present, it is unlikely the N-Boc imine 1 is basic enough to generate the corresponding iminium and Au(I)-acetylide. The second strategy was also unsuccessful as propargylamine 5 generated from N-benzylideneaniline was remarkably resistant to Boc-protection under conditions compatible with Au(I)-catalyzed alkynylation (chlorinated or aromatic solvents, near room temperature). In direct analogy, the use of carbon dioxide in the presence of Ph 3 PAuCl/ AgNTf 2 was investigated with the hypothesis that if an equilibrium could be attained to generate trace carbamic acid 6, the reaction could be driven to completion by a subsequent and irreversible Au(I)-catalyzed cyclization. These attempts were also unsuccessful; however, this result prompted the search for a more active, yet functionally similar acylating agent.
The failure of N-aryl and -alkyl isocyanates or carbodiimides to react with 5 in CH 2 Cl 2 at room temperature illustrates the low nucleophilicity of hindered secondary anilines (Scheme 3). Fortunately, the use of the highly electrophilic p-toluenesulfonyl isocyanate (7) rapidly formed the desired urea. The urea 8 could be readily cyclized in three hours using 5 mol % Ph 3 PAuCl/ AgNTf 2 to afford a quantitative yield of the corresponding cyclic five-and six-membered carbamimidates as an 18 : 1 regiomeric mixture. The connectivity and stereochemistry was ascertained through COSY and NOESY 1 H-NMR experiments, the absence of a carbonyl stretching absorption in the IR spectrum, and by analogy (for the major regioisomer) to the solved crystal structure of 9pA. 12 After demonstrating that the three necessary transformations (alkynylation, acylation, and cyclization) were all competent under identical reaction conditions, we sought to combine the steps to allow for a one-pot multicomponent coupling reaction between phenylacetylene (2), imine 10, and isocyanate 7 using Ph 3 PAuCl/AgNTf 2 . Gratifyingly, a 89% yield of a 15 : 1 mixture of 9aA:9aB was obtained after 24 h.
(1) Fig. 1 shows the hypothesized catalytic cycle. Initial coordination of 2 to gold produces the alkyne p-complex 11 with acidification of the acetylenic hydrogen atom. Deprotonation by imine 10 produces the electrophilic iminium 12 with concurrent production of the Au(I)-acetylide 13. An addition reaction produces propargylamine 5 and regenerates the gold cation. Amine 5 is trapped with p-TsNCO to generate the acyclic urea 8, Scheme 1 Current state-of-the-art and proposed three-component asymmetric reaction. the alkyne of which coordinates to gold to form the second alkyne p-complex 15. 5-Exo-dig cyclization by nucleophilic attack of the urea oxygen forms the vinyl gold carbamimidinium ion 16 (the minor 6-endo-dig product is not shown), which undergoes proton transfer to release the product 9aA and regenerate the Au(I) catalyst.
Several points about the one-pot reaction are worthy of mention. First for the addition of phenylacetylene to imine 10, the reaction time is reduced and the yield is substantially improved in the presence of isocyanate 7. When present, amine 5 can compete with the imine for protons in solution, which reduces the concentration of the reactive iminium. It can also compete with phenylacetylene as a ligand for cationic Au(I), which reduces the activity of the gold catalyst. The facile reaction between 5 and 7 to form acyclic urea 8 prevents the build up of amine 5 and avoids these detrimental interactions. Additionally, the chemical yield is improved because quinoline 14 and related hydroarylation byproducts that usually form during the alkynylation are eliminated. 7h The electron rich N-arene of 5 is responsible for the high relative rate of hydroarylation; this arene is deactivated when 5 is converted to urea 8.
Conversely, the rate of cyclization is considerably slower during the multicomponent reaction. Imine 10 is fully consumed over three hours, but the reaction requires a further 45 h for complete cyclization; the cyclization was found to require only three hours when conducted in isolation. A series of control experiments was conducted in order to examine the effect of excess phenylacetylene, p-TsNCO, and p-TsNH 2 during the cyclization from 8 to 9a (Table 1 ). Both phenylacetylene and p-TsNCO reduced the rate of cyclization by about half, while p-TsNH 2 had a slightly accelerating effect. The negative effect of excess phenylacetylene is rationalized by its ability to reversibly bind to the Au(I) center and competing with the more hindered alkyne of 8. The rate retardation caused by the isocyanate 7 was unexpected and somewhat puzzling; however, further experiments (vide infra) have shown trace water present exerts an accelerating effect, potentially by acting as a proton shuttle. 13 It is hypothesized that water scavenging by isocyanate 7 is to blame for the rate decrease as opposed to a direct catalyst-isocyanate interaction. Additionally, the absence of either AgNTf 2 or Ph 3 PAuCl in the catalyst mixture was not capable of catalyzing the cyclization under the reaction conditions. A brief ligand screen was conducted for the tandem threecomponent reaction between (E)-benzylideneaniline (10), phenylacetylene (2), and p-toluenesulfonylisocyanate (7) ( Table 2) . Triarylphosphines and a simple, unhindered phosphoramidite were clearly the best ligands for this transformation, providing high yields and regioselectivity for the 5versus 6-membered cyclic urea (9aA and 9aB). Trialkylphosphines were both less active and selective, with the bulky ligand, P(tBu) 3 , barely providing any product after 72 h. The digold complexes of bisphosphine ligands were also not generally able to catalyze the hydroamination step. Xantphos provided some product after an extended reaction time, but in very poor 2 : 1 mixture of regioisomers. All of these the catalysts were competent for the alkynylation reaction, but further increasing the steric bulk of the ligands results in a catalyst that cannot even perform the alkynylation (i.e. bulky phosphoramidites and bis-phosphines, vide infra). In general, sterically congested ligands result in a slower reaction and give diminished regioselectivity.
A possible explanation for the trends observed during the ligand screen is shown in Scheme 1 under the assumption that initial cyclizations to form the vinyl gold species 16 and 17 are reversible ( Fig. 2 ). Au-catalyzed 5-exo-dig cyclization of 15 is kinetically preferred, and trapping of this vinylgold intermediate (16) by protodeauration is irreversible as the purified regioisomers are stable upon being resubjected to Ph 3 AuNTf 2 in CH 2 Cl 2 . When small ligands are used, the rate of protodeauration to form 9aA is faster than the rate of reversion to the acyclic urea-gold complex 15 and high regioselectivities are obtained. Conversely, the ring-opening is accelerated by large ligands because of an increase in A(1,3)-strain within 16. This results in increased formation of the thermodynamically preferred (17) and greatly reduced the regioselectivity. It is hypothesized that the rate of protodeauration is decreased when larger ligands are used which also contributes to the erosion of regioselectivity.
Using this model, we surmised the regioselectivity could be enhanced if additives could be found that facilitate protodeauration: protic cosolvents and/or acids. This hypothesis is supported by experiments using N-benzylidene(2,6-difluoroaniline) (18) and the corresponding acyclic urea 19. When the multicomponent reaction is conducted with 18 using Ph 3 PAuNTf 2 , a particularly poor regioselectivity (2.4 : 1 of 9bA:9bB) is obtained. As mentioned previously, the presence of p-TsNCO in the medium scavenges any water present. However, conducting only the cyclization in reagent grade CH 2 Cl 2 , without the exclusion of residual water, results in an increased 6 : 1 ratio of 9bA:9bB. Surprisingly, the further addition of weakly acidic additives reduces the regioselectivity. Strong acids, such as methanesulfonic acid (MsOH), give the best regioselectivities, but it is unlikely that gold is involved in the cyclization when these acids are present as a control reaction shows that MsOH catalyzes the cyclization with identical selectivity in the absence of Au(I). Unlike the sulfonic acids, the weakly acidic additives shown in Table 3 are not catalytically active. Although the acidcatalyzed process results in a higher selectivity for this substrate, in all other cases examined the Ph 3 PAuNTf 2 -catalyzed cyclization imparts greater selectivity for the five-membered carbamimidate (17 : 1 vs. 5 : 1 for 9aA:9aB; 2.4 : 1 vs. 1 : 1.2 for 9qA:9qB; 1.6 : 1 vs. 1 : 1 for 9tA:9tB).
Standard reaction variables were briefly evaluated. Chlorinated and aromatic solvents are suitable, with chlorinated solvents providing slightly faster rates, higher yields, and improved selectivities. The effect of temperature on the regioselectivity has not been extensively studied, but, in general, modest increases in temperature up to 50 C typically have a negligible effect.
Taking into account the aforementioned data, standard reaction conditions were designed to evaluate the scope of the multicomponent reaction. The Ph 3 PAuCl/AgNTf 2 catalyst system was employed, because it engendered a high level of reactivity, selectivity, and catalyst stability. While the catalyst prepared from the electron-poor phosphine P(p-CF 3 -Ph) 3 exhibited higher activity, the phosphine is nearly 1000 times more expensive per mol than PPh 3 . The catalyst prepared from the rac-BINOL/NMe 2 phosphoramidite was also highly active, but it was found to be capricious in nature and reactions frequently stalled prior to complete conversion. Chloroform was chosen as a solvent over methylene chloride only because its use allows a larger range of temperatures to be achieved without resorting to superheating; the results were otherwise essentially identical.
The scope of aryl-aryl imines is broad, providing high yields and regioselectivities for a variety of electronically and sterically diverse substrates (Table 4 ). Exceptions to the latter points include the imines prepared from benzaldehyde and 3,5-bis(trifluoromethyl)aniline and 2,6-difluoroaniline (to provide products 9o and 9b). The low regioselectivity of the former is consistent with the model advanced in Fig. 2 ; the powerful inductive effect of the electron-poor N-aryl group enables a facile retroauration of vinyl gold 16 and results in a substantial quantity of the thermodynamically preferred six-membered carbamimidate. It has been established in the latter case that the regioselectivity can be increased to 8 : 1 by using an acid additive (MsOH). Both the benzaldehyde and aniline-derived arenes tolerate substitution at ortho, meta, and para positions; however, several substitution patterns were not amenable to the multicomponent reaction (Fig. 3) . Imines 20 and 21, bearing large ortho substituents, were unreactive toward the Au(I)-acetylide and undergo slow decomposition. Conversely, the small orthocyano substituent in 22 impedes the cyclization but not the alkynylation. The placement of meta-alkoxy substituents (23, 24, and 25) on the N-aryl ring increases the nucleophilicity of the arene sufficiently that a Friedel-Crafts reaction with the iminium is faster than alkynylation. Thus, these imines predominantly form oligomers.
Three alkyne types were evaluated: aryl, alkyl, and silyl. An electron-rich aromatic alkyne, p-methoxyphenylacetylene, reacted readily at room temperature to give the cyclic urea 9q in modest yield and regioselectivity while an electron-poor aryl alkyne required 50 C, but provided a nearly quantitative yield of a single regioisomer 9rA. The aliphatic alkynes 1-hexyne and 3phenylpropyne both required an elevated temperature for the reaction to occur at a reasonable rate. The differences between the two are surprising, as the reaction using 3-phenylpropyne is higher yielding and drastically more regioselective. TMS-acetylene did not react with the imine, even under forcing conditions.
Enantioselective alkynylation
In order to develop an enantioselective variant of the multicomponent reaction, we were confronted with a significant limitation with regards to ligand selection. The vast majority of Au(I)-catalyzed asymmetric reactions developed have utilized enantioenriched axially chiral bisphosphine ligands (i.e. BINAP, SEGPHOS, and BIPHEP derivatives), 14 although reports using chiral phosphoramidites/phosphites, 15 and N-heterocyclic carbene 16 ligands have also been published. We were forced to exclude potential candidates from these classes because earlier ligand screening revealed that even the relatively unhindered parent BINAP ligand was unable to catalyze 5-exo-dig cyclization. We hypothesized chiral 1-diarylphosphino-2-amino cyclohexane derivatives, particularly ureas, would be sufficiently small to allow the cyclization to occur and provide a scenario to merge hydrogen-bond and gold catalysis. Because the reactive electrophile is the iminium formed by deprotonation of the Au(I) acetylene p-complex by the imine, traditional H-bond donor catalysis would likely not be operative. Instead, we reasoned a closed, ordered transition state might result from the urea functioning instead as an H-bond acceptor. The bound iminium is necessarily less electrophilic than the free iminium; therefore, this manifold requires this reduced electrophilicity is compensated by an entropic advantage obtained from bringing the two reactive species (iminium and Au(I) acetylide) together. We began our investigations using trans-1-diarylphosphino-2amino cycloalkanes. A simple derivative, trans-1-diphenylphosphino-2-aminocyclohexane (26), has been prepared in optically pure form by Jacobsen using a tartaric acid resolution of the racemate. 17 From 26, a variety of gold catalysts were easily synthesized by derivatization of the amine and ligand exchange with Me 2 S$AuCl (eqn (2)).
( 2) Initially, thiourea-containing ligands were prepared, but the corresponding digold complexes provided propargyl amine 5 as a racemic mixture. However, the use of the monogold complex of L1 containing a sulfonylurea led to a promising 65% ee, and a wide range of ligands bearing various N-substituents was prepared and screened in the model reaction (Fig. 4) . It was initially apparent that although ureas, in particular sulfonylureas (L1-L4), give the highest enantioselectivities, other functionalities such as carbamates (L5-L7) and amides (L17, L18) can provide moderate to good levels of stereocontrol. Sulfonamides L20 and L21 and the phthalate L19 were particularly poor catalysts. The unsubstituted amine was not a competent catalyst, but this is likely due to poor solubility in the reaction medium as other primary amines bearing greasy P-aryl substituents did provide the propargyl amine with some selectivity (vide infra). A significant effort was made to prepare the chiral sulfinylurea analogues of L1 and L4 with the hope of observing an additive effect between the sulfinyl stereocenter and the ligand backbone to achieve greater selectivities. 18 Unfortunately, these ligands were not able to be synthesized using a variety of methods. It is Fig. 4 Effect of N-substitution. not completely clear why this is the case, but 31 P-NMR of the post-reaction mixture showed several phosphine oxides to be present. It is possible internal redox chemistry occurs between the sulfinylurea and the phosphine. In this light, it was hoped an equivalent carbon stereocenter, derived from an amino acid, would mimic the sought after chiral sulfinylureas. Ligands derived from tert-leucine, L12 and L13, represented a matched and mismatched case, respectively, but the matched case provided amine 5 in only 45% ee.
With some data in hand regarding the effect of N-substitution, we next sought to evaluate ligands containing alternative P-aryl groups. The ligands were synthesized through the ring-opening reaction of enantiomerically-enriched cyclic sulfamidates with metal phosphides developed recently by Guo and coworkers. 19, 20 The use of this method did increase the overall length of the ligand syntheses, but avoided the tedious resolution of individual ligands.
Unfortunately, the fourteen p-toluenesulfonylurea ligands prepared all gave inferior results relative to L1 (Table 5 ). Some general trends were established: 1. the cyclohexane skeleton provides better selectivity than the cyclopentane ligands which is in turn generally better than the indane ligands; 2. the enantioselectivity decreases for a given class upon increasing the steric bulk of the P-aryl substituents; 3. electron-rich P-aryl groups provide higher enantioselectivities than electron-poor P-aryl groups when the sterics are roughly equal.
There is evidence that sulfonyl ureas are not the optimal Nanalog for all of the scaffolds examined. For example, within the DTBM series, the selectivity steadily increased as the size of the acyl group decreased (Fig. 5) . The use of the simple primary amine L38 was the most selective ligand, but still provided amine 5 in only À57% ee. There may be a balance that must be achieved between the sterics of the P-and N-substituents; increasing the size of one requires a corresponding decrease in the size of the other to obtain the best selectivity. Regardless, further optimization studies were carried out using the 2,4,6-triisopropylsulfonyl (trisyl) urea catalyst L4, because it provided the best selectivity (77% ee) and is easily synthesized from the parent scaffold.
To begin, the common reaction parameters (solvent, counterion, temperature, catalyst loading and concentration) were evaluated using L4. It was found that toluene was the optimal solvent and increased the selectivity to 85% ee. Other chlorinated and aromatic solvents used were generally competent but not quite as selective (73-82% ee). The counterion of choice was bistriflimide (Tf 2 N À ), though SbF 6 À , PF 6 À , TfO À , BF 4 À , and TsO À were nearly as selective. No reaction was observed with more coordinating counterions with the exception of diarylphosphates (vide supra). Changing the temperature or the catalyst loading had no effect, whereas the selectivity was decreased upon dilution of the reaction. The highest selectivity was found when the starting concentration of the imine was at or above 0.2 M. In the light of recent reports from our lab detailing highly enantioselective Au(I) catalysis using chiral BINOL-derived phosphate counterions, this strategy was evaluated for the asymmetric alkynylation. 21 No alkynylation was observed with using Ph 3 PAu(I)-chiral phosphate complexes (prepared in situ from Ph 3 PAuCl and a silver phosphate). Surprisingly, the alkynylation did proceed, albeit slowly, when using (R,R)-L4AuCl as the precatalyst although the enantioselectivity was not increased above that obtained using (R,R)-L4AuNTf 2 (85% ee in toluene) ( Table 6 ). The reaction failed when L10 was used, containing a more electron-rich urea. Finally, because the cyclization reaction was not catalyzed by these Au(I) phosphate complexes, we did not evaluate them further as potential catalysts for the tandem reaction. Using the conditions optimized for enantioselectivity (L4AuCl/AgNTf 2 , 0.2 M imine, toluene, rt), the three-component reaction was evaluated using (E)-benzylideneaniline, phenylacetylene, and p-toluenesulfonylisocyanate. It was immediately apparent that the use of the large ligand L4 was detrimental to the cyclization with regards to the reaction rate, reaction efficiency, and regioselectivity (entry 1, Table 7 ). Switching to methylene chloride resulted in a 75% yield after 48 h but did not significantly improve the regioselectivity (entry 2). The use of (E)-4-chlorobenzylideneaniline, of which the acyclic urea intermediate is less reactive during the cyclization, illustrates the limitations of this system (entries 3 and 4). Even after a prolonged reaction time, full conversion of the acyclic urea is not attained.
In order to address the sluggish cyclization, information obtained during studies of the racemic reaction was reevaluated. In particular, some data collected suggested the presence of water may increase the regioselectivity and rate of cyclization, although it was not necessary to exploit that finding to achieve an effective racemic reaction. Since the same problems with increased severity resurfaced in the asymmetric variant, the addition of water post-alkynylation was evaluated. Ultimately, we found the addition of 0.5 equivalents of water after the complete consumption of imine greatly accelerated the cyclization allowing a reduction in the catalyst loading from 10 to 5 mol % and roughly doubling the regioselectivity ( Table 8 ). The enantioselectivity was not significantly affected for most substrates. This modification was not amenable to substrates in which the alkynylation was accompanied by significant quantities of byproducts (entries 9 and 16). In these cases, the addition of water released various basic compounds (amines) that completely shut down the cyclization reaction. Some substrates were converted with greater enantioselectivity without the addition of water (entries 5, 10, and 12), while in other cases where the rate of cyclization was comparable with the rate of alkynylation, cyclization was essentially complete by the time the imine was fully consumed (entries 17 and 18) . Although toluene provided the best enantioselectivity during optimization studies, the addition of water post-alkynylation to reactions conducted in toluene did not lead to efficient cyclizations. This is potentially because the alkynylations did not occur as cleanly. In general, good to excellent % ee's were obtained from a variety of aryl-aryl imines. Imines derived from ortho-substituented benzaldehydes (entries 5,7, and 8) or 3,5-disubstituted anilines (entries 9 and 13) were converted with the highest enantioselectivities.
It is unclear what interactions are responsible for the high facial selectivities imparted by the trans-1-diarylphosphino-2aminocycloalkane ligands, in particular L4. It is possible that the ligand-Au(I) acetylide complex coordinates to the incoming iminium ion by hydrogen bonding through the carbonyl functionality of the amine derivative. Such an interaction is consistent with the findings that ligands containing ureas, amides, or carbamates provide all provide at least moderate selectivities, while those containing considerably less basic moieties (sulfonamides, phthalate) provide nearly racemic amines. Alternatively, through serendipity the complexes may simply possess an appropriate topology that differentiates between the two enantiotopic faces of the iminium ion. Regardless of the origin of selectivity, this is the first report of a chiral ligand-Au(I) complex that catalyzes the activation and transfer of an alkyne (presumably through the Au(I)-acetylide) to an electrophile.
Conclusions
We have identified a system in which a single gold species can catalyze both the alkynylation of aryl-aryl imines and the subsequent 5-exo-dig cyclization of the corresponding acylic urea to provide cyclic five-membered carbamimidates. Although similar gold-catalyzed tandem reactions have been disclosed, this is the first to preserve the stereocenter set in the alkynylation through the sequence. This feature was exploited through the development of an asymmetric three-component reaction. Because traditional biaryl bisphosphine ligands were not competent in the cyclization step, a fundamentally new class of ligands for asymmetric Au(I) catalysis was necessary. 22 To fulfil this need, we have developed and utilized trans-1-diarylphosphino-2-aminocycloalkanes, which provide the product cyclic five-membered carbamimidates in moderate to high regioand enantioselectivities. Additional research may shed light upon the key interactions responsible for the high facial selectivities obtained as well as expand the use of these ligands to other asymmetric Au(I)-catalyzed reactions.
